ABSTRACT. The aim of this study was to investigate the effect of the p15 gene combined with Bcr-abl-specific siRNA and STI571 on the proliferation, cell cycle and apoptosis of K562 chronic myeloid leukemia cells. Using the gene sequence results, we amplified the p15 gene from normal peripheral blood by RT-PCR, and constructed a p15-pcDNA3.1 vector. The K562 cell line with G418 resistance was screened, synthesized and transfected for bcr-abl gene fusion point for 21-nt siRNA. In p15-pcDNA3.1-K562 cells, the growth rate was slower than that of the control K562 cells, G0/G1-phase was increased and S-phase was decreased significantly. In the siRNA group, bcr-abl fusion gene expression was significantly decreased in K562 cells accompanied by the downregulation of BCL-xL protein expression and G1-phase arrest. Cell survival rate was significantly decreased compared with the sole p15-K562 cell group and the sole RNA interference-K562 cell group. In the combination of p15-pcDNA3.1-K562 cells with STI571, the proportion of apoptosis was significantly increased and the cell survival rate was significantly decreased compared with the p15-K562 cell group and STI571-K562 cell group. siRNA at 30 pM combined with 0.5 μM STI571 promoted apoptosis compared with sole application. The p15 gene combined with siRNA had a synergistic effect on the inhibition of proliferation and the induction of apoptosis in K562 cells. Exogenous p15 protein expression combined with STI571 appeared to have a synergistic effect on proliferation inhibition and apoptosis induction in K562 cells. The combination of low-dose RNA interference with STI571 showed a synergistic effect in inducing apoptosis.
INTRODUCTION
Chronic myeloid leukemia (CML) is a malignant proliferative disease due to abnormal clones of pluripotent stem cells. About 90% CML patients have the distinctive Ph chromosome in their leukemic cells (Helgason et al., 2011; Leonetti et al., 2011) , which is formed by the mutual translocation of the 3 zone 4 band in the long arm of chromosome 9 (9q34) and the 1 zone 1 band in the long arm of chromosome 22 (22q11), t (9; 22) (q34; q11). In addition, the proto-oncogene c-abl at 9q34 id broken at the 5'-end of its second exon, and shifted to 22q11 of the bcr gene at the 3'-end of the second or third exon (M-bcr) for rearrangement, forming the fusion gene bcr/abl. The gene encodes a protein of 210 kDa, known as the P210 protein. The P210 protein disorders the cell control system with the activity of protein tyrosine kinase, which causes CML with the malignant differentiation and proliferation of the granulocyte series. In other words, the formation of bcr/abl fusion gene is the key to the pathogenesis of CML.
On the basis of the pathogenesis of CML, recent research has focused on the inhibition of bcr-abl fusion gene and p210 of protein tyrosine kinase activity. For the former, the most effective method is RNA interference (Zaree-Mahmodabady et al., 2010) , and the specific inhibitor STI571 is used in the case of the latter. Previous studies have shown that RNA interference and STI571 alone have some limitations, such as transfection efficiency, toxicity and drug resistance (Swords et al., 2009; Bengió et al., 2011) , especially in the acute transformation phase of CML with more abnormal genes (Yamauchi and Ueda, 2011; Nicolini et al., 2011) . In the acute transformation phase, combined treatment is the trend for CML (Druker et al., 2002) . The bcr-abl oncogene fusion gene belongs to the scope of the oncogenes, and the inactivation of antioncogenes plays an important role in CML blast crisis. p15, as an anti-oncogene regulating the cell cycle (Güran et al., 1998) , showed only abnormal methylation in CML cells (Nguyen et al., 2000) . Without further study, the mechanism is still not known in the functional inactivation of the gene and protein for CML. For the treatment of CML at the genetic level, one thing is to inhibit the abnormal bcr-abl fusion gene and protein, another is to sustain anti-oncogenes by gene cloning expression with the effect of tumor suppression. In the present study, we synthesized the specific siRNA for the fusion point of bcr-abl by microRNA interference, inhibited the activity of the p210 protein by STI571, and restored inactive p15 by gene cloning expression. Based on the different pathogenesis of CML, these treatments were combined to induce more effective tumor suppression and apoptosis, which was helpful in exploring the mechanism of p15 gene abnormalities in blast crisis, and provide new strategies and methods in gene therapy of CML. 
MATERIAL AND METHODS
Specific siRNA sequences were from Dhamacon (Pittsburgh, PA, USA). The restriction enzymes EcoRI and HindIII, Taq DNA polymerase, T4 ligase, the reverse transcriptase enzymes, Trizol RNA extraction reagent, and DNA purification reagent were obtained from Invitrogen. p15, cyclin E, bcl-xL, etc., mouse anti-human monoclonal antibody and goat antimouse secondary antibody were purchased from Sigma. Bacterial strains and the plasmid pcDNA3.1 were from Invitrogen. Escherichia coli JM109 strain was supplied by the Department of Biochemistry of the Fourth Military Medical University, Xian, Shaanxi, China.
Cell culture
K562 cells, were cultured in RPMI 1640 nutrient medium with 10% (v/v) fetal bovine serum in a 5% CO 2 incubator.
Primer
The upstream primer, 5'-gTAAgCTTATggCCACgTCTCTggATTTTA-3', and the downstream primer, 5'-TggAATTCTTAACTACTAgACCAATCTTgA-3', and HindIII and EcoRI restriction sites were chosen. PCR products were about 465 bp, and synthesized by the Shanghai Shenggong Company.
RT-PCR
Total RNA was extracted from peripheral blood mononuclear cells by Trizol, which was reverse-transcribed into cDNA for PCR. The reaction system included 0.2 μg cDNA, 0.5 μL 10 mM dNTPs, 10 pmol primers and 1 U Taq DNA polymerase. The amplification reaction consisted of 30 cycles (94°C for 45 s, 55°C for 40 s, 72°C for 1 min) and 30 min of final extension. The PCR product was observed by 1% agarose gel electrophoresis with ethidium bromide staining in a UV-reflecting projectoscope.
T carrier conjugation and DNA sequencing
A volume of 5 μL recovered products with 1 μL T carrier and 4 μL quick ligation solution were incubated for 4 h at 16°C, and transformed into the JM109 strain. The white colonies were chosen for shaking bacteria and extracting plasmid DNA. The sequencing was carried out by the Shanghai Shenggong Company after the verification of restriction enzyme digestion.
p15-pcDNA3.1 recombinant plasmid and transfection
PcDNA3.1 and p15 T carrier were digested with HindIII and EcoRI. Ligation was done with T4 ligase, and the plasmid transformed into the JM109 strain. The plasmid was extracted from positive colonies, and transfected to K562 cells by lipoplast. After a 48-h culture, stable transfection was accomplished in 1640 nutrient liquid with 500 mg/L G418 for screening positive colonies. The positive colonies were cells that survived after 28 days.
bcr-abl fusion gene of specific siRNA sequence
According to the method of Elbashir et al. (2001) , 75 bp downstream of the initiation codon, the initiation basic group was AA and G/C content was 42.8%. After screening using NCBI BLAST, we found that only the b3-a2 type bcr-abl fusion gene cDNA sequence exactly matched the sequence, while others had 3 or more basic group differences. The sequence was as follows, 5'-AAGCAGAGTTCAAAAGCCCTT-3', in which AAGC was the fusion site of the bcr-abl fusion gene. According to the siRNA design, the sense strand sequence was 5'-GCAGAGUUCAAAAGCCCUUdTdT-3', and the anti-sense strand sequence was 5'-AAGGGCUUUUGAACUCUGCdTdT-3'. The luciferase gene (ID M15077, 394 414) was chosen as a non-specific control. Finally, the double-stranded RNA with reannealing was the bcr-abl fusion gene of specific siRNA.
Transfection of specific siRNA
Rats were divided into four groups, 1) transfection was aimed at the bcr-abl gene fusion position of specific siRNA in the siRNA group, 2) transfection was aimed at luciferase gene siRNA in the independent group, 3) only liposome was controlled in the empty vector group, 4) the control group had no treatment. The Oligofectamine reagent was added to the siRNA transfection medium. To ensure transfection efficiency, K562 cells were chosen with less than five generations and good growth condition in the exponential phase of growth. The cell count was done before the transfection. Cells were washed with DMEM serum-free medium, and diluted to 15 x 10 6 cells/mL, seeded at 30 x 10 5 cells/well on a 24-well plate, and the siRNA concentration was 60 pmol/well. Groups 1 and 2 contained a mixture of liposome and siRNA, and group 3 only equivalent liposome. Other processing conditions were identical in the four groups, at 37°C, 5% CO 2 incubation for 4 h, 10% fetal bovine serum added, and 24-96-h culture.
Western blot of bcr-abl, p15 and Bcl-xL protein K562 cells were collected, and a cell lysate was prepared for protein extraction, in an ice bath for 20 min. A 20-μg aliquot of cleaved product was subjected to denaturing polyacrylamide gel electrophoresis, and then transferred to a nitrocellulose membrane. The specific bcr-abl fusion protein, p15 protein, Bcl-xL mouse anti-human monoclonal antibodies were the primary antibodies, and peroxidase-labeled sheep anti-mouse IgG was the secondary antibody. The chemical enhancement luminescence method was applied for imaging.
Cell biological activity

Experimental groups
1) p15 gene cloning combined with RNA interference experiment: the p15 group, RNA interference group, the combined group, and the empty vector control group.
2) p15 gene cloning combined with STI571 experiment: the p15 group, the STI571 group, the combined group, and the empty vector control group.
3) RNA interference combined with STI571 experiment: the RNA interference group, the STI571 group, the combined group and, the empty vector control group. Cell growth index and cell survival rate by MTT assay A total of 5 x 10 4 /mL cells were seeded on a 96-well plate, and the average number of cells from 3 wells in each group was determined at days 1, 2, 3, 4, and 5 for the cell growth curve and the cell survival rate. The experiments were repeated three times (data not shown).
Analysis of cell cycle and apoptosis by flow cytometry
The liposomes were transfected into K562 cells, and cells were collected after a 48-h reaction. Cells were washed twice with PBS, and kept in ice-cold 70% ethanol for 2 h or more. Analysis was performed by flow cytometry after the extraction process with sodium phosphate-sodium citrate buffer, RNase A digestion and a 30-min staining with propidium iodide.
Statistical analysis
The SPSS16.0 statistical software was used for data analysis. The repeated measures ANOVA was used in group comparisons, and the Dunnett t-test was used in comparison of two sets.
RESULTS
RT-PCR amplification of p15
The full-length cDNA sequence of the p15 gene was amplified from peripheral blood mononuclear cell by RT-PCR, for building the p15-pcDNA3.1 plasmid vector. The product was detected by 1% agarose gel electrophoresis, showing a positive band of about 465 bp, which matched the p15 gene full-length cDNA sequence. Meanwhile, the product from K562 cells amplified by the primer was the same size as the p15 gene fragment (Figure 1 ).
Recombinant plasmid
p15 gene full-length cDNA sequence from peripheral blood mononuclear cells and pcDNA3.1 plasmids were digested with HindIII and EcoRI, with sticky ends connected by T4 ligase, constructing the p15-pcDNA3.1 recombinant plasmid. The recombinant plasmid was identified with HindIII and EcoRI restriction enzyme digestion, where the DNA fragment was about 465 bp, the same size as the p15 gene full-length cDNA sequence (Figure 2 ). p15 gene sequence analysis p15 gene full-length cDNA sequence from peripheral blood mononuclear cells and puc18-T sequencing vector were digested with HindIII and EcoRI, with sticky end connected by T4 ligase, constructing the p15-puc18-T recombination T vector. The p15 gene connected with T vector was sequenced with the universal primer. The sequencing result was indexed with the BLAST program, which confirmed that the sequencing result of the p15 gene from peripheral blood mononuclear cells was identical with the p15 gene in GenBank.
However, the DNA fragment amplified from K562 cells had a 7-bp deletion from the 183 to 190 site by BLAST analysis (Figure 3) .
Effect of specific siRNA molecules on bcr-abl fusion gene expression
In the RNA interference group, bcr-abl fusion gene expression was significantly lower than the control groups (Figure 4) . 
Western blot
The cell line K562-P21-pcDNA3.1 was established and showed high expression of the p15 protein by Western blot analysis, and low expression of the cyclin D1 protein, with protein quantification and β-actin as the internal reference ( Figure 5 ).
In the RNA interference group, the bcr-abl fusion protein and Bcl-xL were significantly decreased ( Figure 5 ).
Cell cycle
RNA interference combined with p15 gene cloning
By flow cytometry analysis, K562 cells in the normal control group showed a high S-phase character, where the proportions of the different phases were 30.2% G1, 57.4% S and 12.3% G2/M. The cycle distribution after the transfection with p15-pcDNA3.1 plasmid for 48 
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h was 52.5% G1, 38.6% S and 8.9% G2/M. In the RNA interference group, the percentage of G1-phase K562 cells was significantly higher than in the control group (55.2%). In the combination group, G1-phase was significantly higher (72.5%) and S-phase was significantly lower (13.3%) compared with the interference group and the p15 gene group (Figure 6 ).
STI571 combined with p15 gene cloning
S-phase of K562 cells was 20.3% after inducing cells with 0.25 μM STI571 for 48 h, and S-phase was decreased (13.3%) in K562 cells transfected by 15-pcDNA3.1 recombinant vector at the same concentration of STI571 (Figure 6 ).
Apoptosis results
RNA interference combined with p15 gene cloning
The p15 gene alone transfection did not show an apoptotic peak. The apoptosis rate was about 15.4% after RNA interference alone for 24 h. In the combination group of RNA interference and p15 gene transfection, apoptotic cells were significantly increased (31.4% apoptotic rate) compared with the RNA interference group (Figure 6 ). 
STI571 combined with p15 gene cloning
The p15 gene transfection group did not show an apoptotic peak, K562 cells induced with 0.25 μM STI571 for 48 h did not show an apoptotic peak, and a significant apoptotic peak was seen (28.4% apoptotic rate) in K562 cells transfected with 15-pcDNA3.1 recombinant vector at the same concentration of STI571 for 48 h (Figure 6 ).
RNA interference combined with STI571
In the cell proliferation observed by 3 H-TdR incorporation, there was no significant difference in the pre-experiment of K562 cells induced with 30, 60, 120 pM siRNA, which suggested the 60 pM siRNA was sufficient for interference effects without a dose-dependent effect, including the effects on cell proliferation and apoptosis. However, the effect of STI571 on cell proliferation and apoptosis showed a dose-dependent character in a certain concentration range. In the pre-experiment, STI571 at a concentration of 0.1, 0.25, 0.5, 1, 2.5, 5, and 10 μM showed cell proliferation inhibition and apoptosis induction in a dose-dependent manner. However, at a certain STI571 concentration, the proportion of apoptosis did not appear to increase significantly. The proportion of apoptosis did not show a significant increase at 60 pM siRNA combined with 5 μM STI571, but we found that the apoptotic proportion was increased at 30 pM siRNA combined with 0.25 μM STI571 compared to the siRNA group (Figure 6 ).
Analysis of cell survival rate
MTT results showed that the K562 cell proliferation rate was high, and its population doubling time was about 18-24 h. In K562 cells transfected by pcDNA3.1 empty vector, there was no significant difference in cell proliferation rate compared with the control group. K562 cells transfected with p15-pcDNA3.1 recombinant plasmid showed a significantly slower proliferation rate than the control group, and its population doubling time was about 48-60 h.
The combination group of RNA interference and p15-pcDNA3.1 transfection showed lower cell survival rate compared with both the RNA interference group and p15-pcDNA3.1 transfection group (Figure 7) . The combination group of STI571 and p15-pcDNA3.1 transfection showed lower cell survival rate compared with both the STI571 group and p 15-pcDNA3.1 transfection group (Figure 8 ). 
DISCUSSION
Molecular-targeted therapy drug of STI571 and specific RNA interference technology had a milestone in the treatment of CML (Zaree-Mahmodabady et al., 2010; Jain and van Besien, 2011) , even expressing a trend to replace bone marrow transplant. With the further research, it was found that CML cells would gradually develop drug-resistant mechanisms against the above treatments. Thus, multi-drug or multi-method combination will be a good development trend in the treatment of CML (Druker et al., 2002) . p15, with the regulation of cell cycle and the suppression of tumor, has played an important role in the development of CML, and had been found to show abnormal expression or inactivation in many tumors (Güran et al., 1998) . In the present study, we applied the combination of different treatments, namely specific siRNA inhibition of the bcr-abl fusion gene, STI571 inhibiting p210 protein activity and p15 gene expression by cloning, which was expected to play an important role in cell cycle regulation and tumor suppression for better curative effect.
The study found that siRNA showed a strong inhibition of the bcr-abl fusion gene, and induced apoptosis in K562 cells. Meanwhile, the RNA interference group showed significant G1-phase arrest in K562 cells, suggesting that DNA synthesis was blocked in K562 cells, even developing apoptosis under the specific siRNA. It was confirmed that specific siRNA played a role in inhibiting cell proliferation and inducing apoptosis in K562 cells. However, the effect of signal siRNA did not make the bcr-abl fusion gene completely silent, and the proportion of apoptosis induction was not enough for the treatment of CML. On the basis of the different pathogenesis, combination therapy should be applied in the treatment of CML. In the present study, the p15 gene, as a tumor suppressor was combined with specific siRNA, which achieved good effects against CML.
The p15 gene is a member of the cyclin-dependent kinase inhibitor Ink4 family (inhibitor of CDK4), which encodes one of the CDK inhibitor protein family, specifically inhibiting the phosphorylation kinase of cyclin D1-CDK4/6 complex (Bies et al., 2010) .
The p15 gene showed genetic deletion, mutation, and methylation inactivation in leukemia cells, and its deletion, mutation and inactivation were more frequent in acute lymphoblastic leukemia, but scarce in myeloid leukemia. In most CML patients, p15 gene abnormality has been rarely detected (Bleichert et al., 2001; Kusy et al., 2004) . Even if the acute transformation to leukomonocytes appeared in CML patients, p15 gene absence was still scarce (Bleichert et al., 2001) . In the present study, repeated sequence confirmed that the p15 gene has seven consecutive base deletions in K562 cells, and p15 gene expression was present in CML acute transformation to medullary system, because K562 was cell line of CML transformed into erythroleukemia. Importantly, its absent sites were in the middle of the p15 cDNA sequence, resulting in a completely different amino acid sequence as that of the p15 protein, and denatured p15 protein lost the ability to inhibit CDK4/CDK6 activity. So it could be inferred that the lack of normal p15 protein was one reason for malignant proliferation of K562 cells. The transfection of exogenous p15 gene into K562 cells would be helpful to regulate cell cycle and inhibit the proliferation of malignant cell by replacing abnormal p15 protein.
In view of p15 gene specificity, shorter than p53, p21, p27 in the length, etc., direct effect on cell cycle initiation factor of cyclin D1-CDK4/CDK6 complex, rapid effectiveness, the transfection of the exogenous p15 gene into cell lines with p15 gene mutation could have an anti-leukemic effect, leading to a hot spot of gene therapy for leukemia. The combination of RNA interference, STI571 and p15 gene therapy was a new beneficial attempt for CML management. The present study found that the transfection of the p15 gene into K562 cells combined with RNA interference and STI571 showed a synergistic effect in inhibiting cell proliferation and inducing apoptosis. At present, we believe that the p15 gene has a similar function as the p16 gene, positively correlated with cell cycle arrest, proliferation inhibition and apoptosis. p15 gene expression can arrest cells in G1-phase, significantly decreasing S-phase cells, inhibiting cell proliferation and accelerating apoptosis (Fuxe et al., 2000) . The p15 gene is a downstream gene regulated by the bcr-abl fusion gene (Kusy et al., 2004) , which can downregulate the p15 protein and mRNA levels through the PI3K pathway. Also, RNA interference and STI571 cannot only prevent p15 suppression induced by bcr-abl, but also induce p15 protein expression, via a mechanism involving the inhibition of the PI3K signal pathway and the decrease of p15 protein degradation. At the same time, STI571 can inhibit the expression of a variety of cell cycle factors, such as cyclin D1 and cyclin E, etc., which attenuate the inhibition of the p15 protein, cyclin D1 being an inhibitor of the p15 protein. Therefore, the p15 gene transfection could rebuild the cell cycle pathway in K562 cells, which would strengthen the apoptosis of K562 cells and show a synergistic effect by combining with RNA interference and STI571.
Our study found that regular doses of siRNA did not show an increase in apoptosis proportion when combined with STI571, which was consistent with a previous study (Wilda et al., 2002) . We believe that the possible mechanism was the strong apoptosis induction of STI571, where a regular dose could induce significant apoptosis, and where a dose increase or the addition of new factors would not promote apoptosis. However, a small dose of 30 pM siRNA combined with 0.25 μM STI571 appeared significantly increase apoptosis proportion compared with the two agents alone. The above results suggested that the combination of lowdose RNA interference and STI571 displayed a synergistic effect before reaching saturation effect concentration, but specific range and law still need further research.
In summary, siRNA alone could not make the bcr-abl fusion gene completely silent, and the combination of RNA interference with p15 gene cloning led to significant reduction in cell proliferation. The same effect, meanwhile, was displayed in the combination of STI571 with the p15 gene. Low-dose RNA interference combined with STI571 appeared to have a synergistic effect in the induction of apoptosis. Our study confirmed that the combined application of RNA interference, STI571 and the p15 gene could achieve better efficacy, providing a useful attempt for multi-gene-targeted therapy in CML.
